Cytoplasmic dynein-like ATPase cross-links microtubules in an ATP- sensitive manner by unknown
Cytoplasmic Dynein-like ATPase Cross-links 
Microtubules in an ATP-sensitive Manner 
PETER J.  HOLLENBECK, FRANK SUPRYNOWICZ, and W.  ZACHEUS CANDE 
Department of Botany, University of California at Berkeley, Berkeley, California  94720. Dr. Suprynowicz's 
present address is Hopkins Marine Station, Pacific Grove, California 93950. 
ABSTRACT  We have prepared dynein-like  ATPase from the eggs of the sea urchin StrongyIo- 
centrotus purpuratus using differential centrifugation and column chromatography. This  ATPase 
preparation  is inhibited by vanadate and erythro-9-(3-[2-hydroxynonyl])  adenine (EHNA) at 
concentrations similar to those that inhibit reactivated flagellar beating and spindle elongation 
in lysed cell models. Using microtubule  affinity and ATP-induced release, we can purify this 
ATPase activity to a composition  on SDS PAGE of four peptides ranging in molec~ular weight 
from 180,000-300,000. When viewed in darkfield optics, this affinity-purified  ATPase caused 
extensive parallel bundling of microtubule-associated protein-free microtubules. These bun- 
dles were dispersed by 1 mM ATP but not by ATP~,S or AMP-5'-adenylimidodiphosphate.  The 
reformation  of microtubule  bundles after dispersal by ATP required ATP hydrolysis; bundles 
did  not reform  in the presence of 10 #M vanadate. Negative stain electron  microscopy  of 
these bundled microtubules revealed that they are arranged in parallel networks with extensive 
close lateral association. 
Microtubule systems are often organized into orderly arrays 
by lateral interactions between tubules. In many cases, these 
lateral interactions are mediated by cross-bridges  that can be 
seen in the electron microscope or purified and characterized 
biochemically. Such systems include the ciliary or flagellar 
axoneme (12, 42, 48, 52, 53, 56), the protozoan axostyle (2, 
3,  17), the  pharyngeal  basket  of certain  ciliates  (51),  the 
heliozoan axopod (50), and the mitotic apparatus (20, 27, 28). 
While some cross-bridges may merely be static links others 
are likely to generate force for microtubule-based movements. 
Of these systems, only one, the axoneme, has had its cross- 
bridging  elements characterized both  morphologically and 
biochemically. They consist of both static bridges such as the 
nexin links and the mechanochemical protein, dynein. 
While the mitotic apparatus lacks the order of  the axoneme, 
it has been suggested  that a dynein-like cross-bridge plays a 
role in its formation and function, and particularly in aria- 
phase chromosome movement. Two kinds of studies have 
provided evidence for this view. First, morphological studies 
of diatoms reveal a highly ordered spindle midzone in which 
microtubules from opposite  half-spindles interdigitate in  a 
regular array. The distance between nearest neighbor micro- 
tubules in this midzone is appropriate for dynein cross-bridg- 
ing,  and in some preparations arms or bridges can be seen 
projecting from most of the microtubules in the midzone (27, 
28). 
A second line of evidence for dynein involvement in ana- 
phase comes from physiological studies using permeabilized 
PtKI cell spindle models.  These models, which  permit the 
study of anaphase under controlled conditions, have shown 
that  separation  of the  spindle  poles  requires  ATP  and  is 
inhibited by vanadate and erythro-9-(3-[2-hydroxynonyl])  ad- 
enine (EHNA)  ~ (6,  7) which  are both potent inhibitors of 
dynein ATPase  activity (23,  34).  In  addition,  it  has  been 
reported that  isolated  sea  urchin  embryo mitotic  spindles 
move chromosomes and that this movement is blocked by 
vanadate and antibodies to flagellar dynein (40). 
Ifa dynein ATPase is a component of  the mitotic apparatus, 
then it should be identifiable in preparations of mitotic ap- 
paratuses or cytoplasm. A MgATPase activity was originally 
reported in isolated spindles of the sea urchin egg by Mazia 
et al.  (26).  Weisenberg and Taylor (55) suggested  that this 
ATPase was a precursor to embryonic ciliary dynein bound 
nonspecifically to spindle preparations, but subsequent work 
~Abbreviations  used  in  this  paper.  AMPPNP, 5'-adenylimidodi- 
phosphate; EHNA, erythro-9-(3-[2-hydroxynonyl]);  MAP, microtu- 
bule-associated  protein; PME, 100 mM PIPES, I mM MgSO4, I mM 
EGTA. 
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of Pallini et al.  (32)  of having isolated similar dynein-like 
ATPases from cells that do not give rise to cilia (32). 
A dynein-like ATPase has now been prepared and charac- 
terized from the mitotic apparatuses and cytoplasm of sea 
urchin embryos by several investigators (21, 33,  38).  It has 
the high sedimentation coefficient, high molecular weight gel 
bands, and Mg  +÷ and Ca  ++ activation expected for dynein, 
and it shows  inhibition by vanadate and EHNA. But these 
are not  the  only properties of dynein critical to a  role in 
mitosis and other microtubule-based movements.  To be a 
likely candidate for involvement in these processes,  this AT- 
Pase must bind to and cross-link microtubules. Recent work 
by Hisanaga and Sakai (22) addressed this question using an 
ATPase preparation purified to a single high molecular weight 
polypeptide. As judged by gels, this polypeptide pelleted with 
microtubules in  an  ATP-sensitive manner.  Binding  of the 
ATPase activity to microtubules was not measured directly, 
but activity disappeared from the supernatant when micro- 
tubules were pelleted. 
In this study, we prepared cytoplasmic dynein-like ATPase 
from sea urchin eggs by size filtration chromatography fol- 
lowed by microtubule affinity and ATP-induced release. We 
used dark-field optics and negative stain electron microscopy 
to demonstrate the microtubule cross-linking properties of 
this preparation and to correlate its cross-linking activity with 
its ATPase activity. 
MATERIALS  AND  METHODS 
Cytoplasmic Dynein-like ATPase Preparation:  sea urchins  of 
the species Strongylocentrotus  purpuratus were spawned by filling the coelom 
with 0.5 M KCI. Eggs were collected in filtered natural  sea water, dejeUied by 
passage through 190-~m nitex mesh, and washed twice with filtered natural sea 
water.  After  one  washing  with  gluconate  buffer  (10  mM  HEPES,  0.3  M 
potassium  gluconate,  0.33 M glycine,  10  mM NaCI,  5 mM MgSO4, 1 mM 
EGTA, pH 7.4), eggs were resuspended  in  3 vol of the same buffer at 4"C 
containing  0.5% protease  inhibitor  stock  (0.2 mg/ml leupeptin,  2  mg/ml 
soybean trypsin  inhibitor,  0.2  mg/ml pepstatin  A,  2 mg/ml N-a-benzoyl-L- 
arginine methyl ester, 2 mg/ml p-tosyl-L-arginine methyl ester, 2 mg/ml L-I 
tosylamide-2-phenylethylchloromethyl  ketone)  and  disrupted  by  15  strokes 
with a glass Dounce hand homogenizer. The cell homogenate was centrifuged 
at 40,000 g for 30 min at 4"C and the supernatant was carefully removed and 
further centrifuged at  125,000 g for 75  min at 4"C. The resulting high speed 
supernatant was  concentrated  by  ammonium sulfate  precipitation  at  40% 
saturation. Precipitated protein was resuspended in HE buffer (10 mM HEPES, 
0.1  mM EDTA,  pH 7.4) containing  0.5  mM a-mercaptoethanol  and 0.2% 
protease inhibitor stock and dialyzed three times at 4"C against 150 vol of the 
same buffer, three h per change. The dialysate was clarified by centrifugation 
at 125,000 g for 60 rain at 4"C. The resulting supernatant  was loaded onto a 
2.6 x  80 cm Bin-Gel AlSm sizing column equilibrated in HE buffer plus 0.6 
M KCI and 0.2% protease inhibitor  stock. This column was run at 2--4"C at a 
linear  flow rate  of 6 cm/h and 7.5-ml  fractions  were collected. MgATPase 
activity eluted in a peak with Ktv of 0.3-0.5  (Fig. 1). The peak fractions were 
pooled and dialyzed twice at 4"C against  100 vol of 50 mM PIPES,  1 mM 
MgSO4,  1 mM EGTA (PME), and 0.2% protease inhibitor  stock, pH 6.94. It 
was then clarified by spinning at 125,000 g for 60 min. This pooled, dialyzed, 
clarified peak  was then used  to dilute  DEAE-purified  tubulin to a  tubulin 
concentration  of 1.6-2.0 mg/ml. The tubulin was polymerized into microtu- 
bules by addition of  taxol equimolar with tubulin dimers and the microtubules 
were pelleted at 125,000 g for 45 rain at 4*(2. The resulting microtubule pellet 
was resuspended to a concentration  of 10 mg/ml in PME plus 2 mM MgATP 
and pelleted again at 125,000 g for 45 min. This process was repeated with the 
second pellet and the supernatants  were combined.  These  supernatants  con- 
tained MgATPase activity. 
Tubulin  Preparation:  Twice-cycled microtubule  protein  was pre- 
pared by the method of Shelanski et al. (45) and stored at -80"C. Tubulin was 
purified  from this preparation  by ion exchange chromatography  on DEAE- 
Sephadex after the method of Murphy and Borisy (31) and dialyzed  against 
200 vol of PME plus 0.1 mM GTP for 60 min. 
A TPase  Activity  Assays  and  Protein  Determinations: 
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Material was assayed for ATPase activity by incubation  at 25"C in  100 mM 
Tris HC1, pH 8.0, 100 mM KC1, 5 mM MgSO4 or CaC12, 1 mM EGTA, and 2 
mM ATP for 18  min.  (When  assaying in the presence of EHNA,  ATP was 
adjusted to 10% of the EHNA concentration.)  Samples were withdrawn from 
the incubation  mixture  every 3 rain from 6 through 18 min and assayed for 
inorganic phosphate after the method of Fiske and Subbarow (9). Vanadate 
was prepared for inhibition studies by making a l-mM stock solution of  sodium 
orthovanadate  (Na3VO~) in distilled  H20 and placing it briefly in  a boiling 
water bath. This stock was prepared fresh each day. 
The Km for ATP was determined by assaying the sizing column peak fraction 
at ATP concentrations  ranging from 0. I to 4 mM. The data was analyzed using 
Eadie-Hofstee  plots  and  gave  straight  lines  with  correlation  coefficients of 
<-0.996. Samples were assayed for protein  by the  method of Bradford  (4), 
using BSA as a standard. 
Microtubule Pelleting Binding Assay:  Microtubules  were pre- 
pared  by polymerizing  DEAE-purified tubulin with taxol.  Column-enriched 
ATPase was combined with microtubules  and incubated in the presence of no 
Mg  +÷, 5 mM MgSO4, or 5 mM MgSO4 + 0.5 mM ATP for 30 min. Incubation 
mixtures were then layered over a pad of 3 vol of 20% sucrose in HE buffer 
containing the same cation and/or nucleotide concentration  as the incubation 
mixture and 0.2% protease inhibitor stock. They were centrifuged in an SWS0. l 
rotor (Beckman Instruments, Inc., Pain Alto, CA) at 125,000 g for 60 min at 
4"C and pellets were assayed for ATPase activity. As controls, either microtu- 
bules or ATPase alone was layered over pads and centrifuged. 
Darkfield  Microscopy:  Microtubule-associated  protein  (MAP)-free 
taxol-stabilized microtubules  were diluted to 0.2 mg/ml with PME or micro- 
tubule affinity-purified ATPase. In the latter case, this resulted in a ratio of 0.4 
mg nontubulin peptides/1  mg microtubules.  These mixtures  were incubated 
under various ionic and nucleotide conditions and viewed after 5 and 30 rain. 
Glass slides were thoroughly  rinsed  with Millipore-filtered  (Millipore Corp., 
Bedford, MA) distilled water and dried by air  jet. Samples of 1-2/~I were placed 
on these slides and covered with air dusted coverslips. Slides were viewed using 
a Zeiss dark-field  condensor  and a  Zeiss  100x  plan  objective with  an iris. 
Photographs of typical fields were taken with Kodak Tri-X film at ASA 1600. 
Electron Microscopy:  Samples of microtubules or microtubules plus 
ATPase  were  removed  from the  dark-field  assay mixtures  and  applied  to 
Formvar-coated  grids. After  10 s, the samples were drawn off and the  grids 
were prepared by floating them upside down on a series of solutions after the 
method of Langford (25): 5 s each on two changes of PME, 30-60  s on PME 
plus 0.1% glutaraldehyde,  5 s each on two changes of PME, 5 s each on two 
changes of distilled HzO, 5 s each on four changes of bacitracin (40 ug/ml in 
distilled H20), excess liquid was drawn off, then 5 s each on three changes of 
aqueous 1% uranyl acetate. Excess stain was drawn offand grids were allowed 
to air dry. Grids were viewed with a Zeiss EM 109. 
Gel Electrophoresis:  Samples  were  denatured  and  run  on  4-8% 
polyacrylamide gradient gels made after the method of Laemmli  (24). These 
were stained with Coomassie Blue and stored  in  10% acetic acid. Gels were 
photographed with Kodak Pan-X film. 
Molecular  weight determinations  were  made using  standard  proteins  of 
molecular  weights 45,000, 66,200, 92,500,  116,250, and 200,000.  In this gel 
system, the molecular weights and Rf values of these standards have a nearly 
perfect linear relationship, with a correlation coefficient of <-0.999. 
Stained gels were scanned  with a densitometer  (E-C Apparatus  Corp., St. 
Petersburg, FL) with a 570-nm filter. The percent of  total protein in each band 
was assumed to be proportional  to the percent of the total area under its curve. 
R  ES U LTS 
Purification and Enzymatic Properties of 
Cytoplasmic Dynein-like A TPase 
We prepared dynein-like ATPase from sea urchin eggs using 
a protocol that exploits its high molecular weight and micro- 
tubule-binding  properties.  Differential  centrifugation,  am- 
monium sulfate precipitation, and size filtration (Figs.  1 and 
2) provided a rapid 40-fold enrichment of MgATPase activity 
with a  15 % recovery (Table I). When assayed under various 
conditions (Table II), this column-enriched ATPase showed 
cationic requirements and oligomycin and ouabain insensitiv- 
ity similar to dynein-like ATPase prepared  in different ways 
by other investigators (21, 33, 37). In addition, it was inhibited 
by EHNA in a concentration range very similar to that found 
for dynein-like ATPase from urchin eggs by Penningroth and 07 
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FIGURE  1  Elution  profile  of  cytoplasmic  dynein  MgATPase  on  a 
sizing  column.  The  clarified  dialyzed  ammonium  sulfate  fraction 
was subjected to gel filtration on a 2.6 x  80-cm column of Bio-Gel 
A15m equilibrated and eluted with 0.6 M  KCI, 10 mM HEPES/KOH, 
0.1  mM  EDTA,  0.5  mM  ~x-mercaptoethanol, and  0.2%  protease 
inhibitor stock, pH  7.4.  It was run at 2-4°C  at a linear flow rate of 
6 cm/h and 7.5-ml fractions were collected  and assayed for absorb- 
ance at 280  nm  and  MgATPase  activity as described  in  Materials 
and Methods. The activity eluted in a peak with Kavof 0.3-0.5. 
Cheung (33) and from brain by Pallini et al.  (32).  However, 
our ATPase preparation was more sensitive to vanadate in- 
hibition than those reported by other workers, with our half- 
inhibitory concentration (1  vM)  as  much  as  10-fold  lower 
than reported values. This may be due to the relative hetero- 
geneity of their preparations, or to the presence in their stocks 
of vanadate not in the +5 oxidation state. Assays with other 
nucleotides (Table II) showed that the Mg-stimulated activity 
was relatively ATP specific. The Km of the column-enriched 
ATPase for ATP was 66 vM under our assay conditions. 
The  MgATPase  was  further  purified  from  the  column- 
enriched fraction by a microtubule affinity and ATP-induced 
release  procedure.  When  taxol-polymerized brain  microtu- 
bules were incubated with this column-enriched ATPase and 
then pelleted,  75%  of the MgATPase  activity  pelleted with 
them. When these pellets were extracted with 2 mM MgATP 
and  repelleted,  they released 25-35%  of the activity to the 
supernatant.  When  examined  on 4-8%  gradient  SDS  poly- 
acrylamide  gels,  this  ATP-released  ATPase  preparation  re- 
vealed only four major peptides along with tubulin extracted 
from  the  microtubules (Fig.  2,  lane  D).  This  extraction  of 
tubulin  was  due  to  the  slight  lability  of taxol-polymerized 
microtubules in  the cold.  The  nontubulin peptides  had M, 
values of 295,000,  246,000,  243,000,  and  180,000.  The pres- 
ence of soluble tubulin in the supernatant necessitated the use 
of densitometry of gel lanes to determine the percentage of 
nontubulin peptides  there.  Densitometry indicated  that  the 
four nontubulin peptides  composed 3.6%  of the protein in 
the  ATP-released  supernatant  while  tubulin  composed  the 
rest.  This  allowed  the  calculation  of an  estimated  specific 
ATPase  activity  for these peptides  of 0.850  #moles  Pi/min 
per mg protein. 
Pelleting A TPase Assay 
In the presence of 5 mM Mg  +÷, 32% of the ATPase activity 
incubated with microtubules pelleted with them through the 
sucrose  pad.  In  the  absence  of Mg  ÷÷,  this  was  reduced  to 
9.5%, while in the presence of 5 mM Mg  ÷÷ and 0.5 mM ATP, 
FIGURE  2  SDS  PAGE of fractions from the purification  procedure 
using a  4-8%  gradient gel.  Lanes A-D  contain  20 p.g each  of (A) 
high  speed  cytoplasmic  supernatant;  (B)  clarified  dialyzed  40% 
ammonium sulfate fraction; (C) Bio-Gel A15m column peak fraction; 
(D)  fraction  released  from  microtubule  binding  by  ATP.  Lane  E 
contains molecular weight standards: myosin (200,000);/~-galacto- 
sidase (116,300); phosphorylase b (92,500); BSA (66,200); and oval- 
bumin (45,000). 
TABLE  I 
Purification  of Dynein-like A TPase 
Total  Enrich- 
Total pro-  MgATPase  Specific  ment for 
Fraction  tein  activity  activity  each step 
mg 
Homogenate  1,500  7.5  0.005  -- 
$125  300  5.2  0.017  3.4x 
cdAMS  107  4.3  0.040  2.3x 
Column peak  5.5  1.1  0.200  5.0x 
Mt affinity  0.35  .30  0.850  4.5x 
5125, high speed  supernatant  of cytoplasmic  homogenate; cdAMS, clarified 
dialyzed 40% ammonium sulfate fraction  of $125; column peak, MgATPase 
peak from Bio-Gel A15m sizing column; Mt affinity,  fraction  released from 
binding to microtubules by ATP. All fractions were assayed  for ATPase  in 100 
mM Tris/HCl,  pH 8.0, 100 mM KCI, 5 mM MgSO4, and 2 mM ATP. Homog- 
enate  was assayed  in the presence of 10/~g/ml of oligomycin.  Total MgATPase 
activity is  expressed  in  micromoles inorganic  phosphate per  minute  and 
specific activity is expressed in micromoles inorganic phosphate per (minute 
x  milligram  protein).  Total  protein  and  specific  activity of the microtubule 
affinity fraction  are adjusted for nontubulin peptides only as determined by 
densitometric measurements of this fraction  on SDS gels. 
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no detectable activity pelleted. 
Characterization of A  TPase/Microtubule 
Interactions by Darkfield Optics 
Microtubules polymerized from purified tubulin  and  di- 
luted  to  0.2  mg/ml  with  PME  were  visible  in  dark-field 
microscopy as bright individual filaments distributed evenly 
across  the  field  (Fig.  3A).  When  these  microtubules  were 
diluted  to  0.2  mg/ml with  affinity-purified ATPase  in  the 
presence of 5 mM Mg  ÷÷, the dark-field image was dramati- 
cally different (Fig. 3 B). Essentially all of the microtubules in 
the field were seen to be gathered into bright dense bundles, 
with individual microtubules apparent at the edges. 
The addition of 1 mM MgATP to microtubules so bundled 
TABLE  11 
Nucleoside Triphosphatase Activities 
Control ATPase ac- 
Assay conditions  tivity 
2 mM ATP, 5 mM MgSO4 
0,6 
100 
+10 #g/ml oligomycin  103 
+0.1  mM ouabain  102 
+0.5/,,M vanadate  76 
+1.0 #M vanadate  54 
+2.0 ~M vanadate  0 
+1  mM EHNA  46 
+2 mM EHNA  0 
2 mM GTP  6 
2 mM ITP  6 
2 mM CTP  15 
2 mM ATP, 5 mM CaCI2  83 
All assays  were performed using  sizing  column peak  fractions  as described  in 
Materials  and Methods. 
(Fig. 4A) resulted in their complete dissociation within 5 min 
into  scattered  individual  microtubules  (Fig.  4B).  After  an 
interval sufficient to allow complete hydrolysis of ATP by the 
ATPase (30  min),  microtubules again appeared in  bundles 
(Fig.  4 C).  However, when  1 mM ATP +  10 #M  vanadate 
were added, the bundles (Fig. 4D) dispersed but failed to form 
again over a period of 60 min (Fig. 4, E and F). The addition 
of I mM ATP'vS or 1 mM AMP-5'-adenylimidodiphosphate 
(PNP) to microtubules bundled by the ATPase (Fig. 4, G and 
J) resulted in very little dispersal of the bundles (Fig. 4, H, I, 
K, and L). 
In the absence of Mg  +÷, incubation  of microtubules with 
ATPase did not result in any visible bundling of microtubules. 
Likewise, the addition of Mg  ÷÷ to microtubules without AT- 
Pase gave no bundling. When the dark-field assays described 
above were performed with sizing column-enriched ATPase 
rather than affinity-purified material, the results were essen- 
tially the same (data not shown). 
Negative Stain Electron Microscopy 
To observe the fine structure of microtubules bundled by 
the ATPase, we prepared samples of the dark-field incubation 
mixtures for electron microscopy. Microtubules alone showed 
fairly typical negative stain morphology, appearing long and 
straight with excellent resolution of protofilaments and indi- 
vidual dimers (Fig.  5, A and B). The microtubules were free 
and unassociated and were distributed evenly across the grid. 
But microtubules incubated with dynein-like ATPase in the 
presence  of Mg  ÷÷  were  gathered  into  parallel  bundles  of 
various size. Within these bundles, microtubules ran parallel 
to one another and were frequently separated by a gap of 5- 
20 nm. Also, globular structures were seen along some micro- 
tubules, but no stretches of periodic decoration were observed 
(Fig.  5, C and D). 
DISCUSSION 
In the search for a dynein-like ATPase that might be involved 
in anaphase chromosome movement, we must ask ourselves 
two questions: first, is there a candidate ATPase in the cyto- 
FIGURE  3  Darkfield microscopy shows the  bundling of  microtubules produced by incubation with cytoplasmic dynein-like 
ATPase. MAP-free microtubules diluted to 0.2 mgJml with PME are shown in A. In B, the microtubules have been diluted to the 
same concentration with cytoplasmic dynein-like ATPase prepared by microtubule affinity and ATP-induced release. Nearly all 
of the microtubules are gathered into large bright bundles, x  1,000. 
1254  THE  JOURNAL OF  CELL BIOLOGY • VOLUME 99, 1984 FiGUrE  4  Darkfield microscopy reveals the effects of four nucleotide treatments on microtubule bundling induced by cytoplasmic 
dynein-like ATPase. Bundled rnicrotubules (,4) are dispersed at 5 min after ATP addition (B); after 30 rain they are again bundled 
together (C). Bundles (D) are also dispersed by ATP plus vanadate after 5 rain (E), but fail to reassociate after 60 rain (F). Bundtes 
(G) are not appreciably dispersed by ATP'yS after 5 rain (H) or 30 rain (I). Bundles (J) are also not noticeably dispersed by addition 
of AMP-PNP after 5 rain (K) or 30 min (L). x  800. 
plasm? and second, does it interact with microtubules in the 
manner expected for dynein? In this study, we have addressed 
these questions using several different techniques. 
We have developed an enrichment scheme for dynein-like 
ATPase from the  sea  urchin  egg that  exploits its  size and 
microtubule-binding  properties.  We  recovered  an  ATPase 
fraction that was dynein-like by the criteria outlined by Gib- 
bons  et  al.  (14)--it  contained  a  MgATPase  with  a  high 
molecular weight and gel bands in the 300,000-mol-wt range. 
In in vitro assays, the sizing column-enriched ATPase fraction 
showed a  ratio of Mg- to Ca-stimulation (1.2) and an ATP 
specificity similar to axonemal dyneins. It was unlike mito- 
chondrial  or  Na/K  ATPases  in  showing  no  inhibition  by 
oligomycin or ouabain. In addition, we found the cytoplasmic 
ATPase to be dynein-like and not myosin-like by virtue of 
complete lack of K/EDTA-stimulated ATPase activity. Fur- 
HOLLENBECK  ET AL.  Cytoplasmic Dynein-like A TPase Cross-linking  1255 FIGURE 5  Negative stain electron microscopy of dark-field incubation mixtures. Microtubules alone: typical views are shown in 
A and B. Microtubles plus cytoplasmic dynein-like ATPase are shown in C and D. x  20,000 (A and C); x  160,000 (B and D). 
thermore, this MgATPase activity was inhibited by EHNA in 
the  same range (1-2  mM) as axonemal dyneins,  and,  like 
those dyneins,  was highly  sensitive to  vanadate (1-2  #M). 
Although the inhibitor data and Eadie-Hofstee plots suggested 
that there was only one ATPase in this preparation, we cannot 
completely rule out the possibility that it contained more than 
one. 
Another characteristic we expect ofdynein, and an essential 
one if it is to play a role in force generation, is the ability to 
bind to and cross-link microtubules. We assessed this capacity 
in  three ways, the  first of which  was the  pelleting  binding 
assay. Here we found that sizing column-enriched MgATPase 
activity pelleted with MAP-free microtubules through a  su- 
crose pad in  the  presence of Mg  ++.  This,  considered along 
with the  75%  reduction  in pelleting ATPase activity in  the 
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absence  of  Mg  +÷,  indicated  that  the  ATPase  had  a  Mg- 
dependent interaction with microtubules. The pelleting assay 
also showed that the binding was ATP sensitive; inclusion of 
0.5  mM  ATP  in  the  assay  reduced  the  pelleting  ATPase 
activity by >50%. This was similar to the findings of Mitchell 
and Warner (29) for dynein-B subfiber interactions in Tetra- 
hymena ciliary axonemes. Furthermore, it suggested that the 
ATPase could be further purified from the enriched column 
peak by microtubule affinity and ATP-induced release. 
This  proved  to  be  possible.  When  the  peak  MgATPase 
fractions from the sizing column were dialyzed, clarified, and 
incubated with taxol-polymerized microtubules, and the mi- 
crotubules were pelleted, 75 % of the MgATPase activity pel- 
leted with them.  When  these pellets were extracted with  2 
mM  MgATP,  they released  25-35%  of the  activity to  the supernatant. Viewed on 4-8 % gradient SDS polyacrylamide 
gels, this supernatant showed four major peptides in addition 
to  tubulin  extracted  from  the  microtubules  (Fig.  1  D).  As 
described  in  Results,  these  polypeptides had  Mr  values  of 
295,000, 246,000, 243,000, and 180,000.  This was consistent 
with the complex polypeptide composition of axonemal dy- 
neins such as the 21S  urchin flagellar dynein  1,  which has 
several peptides that fall into three size classes (53). Although 
the Mr of 295,000  is less than reported values for the high 
molecular weight  bands  of axonemal  dyneins,  in  our  gel 
system axonemal peptides from S. purpuratus sperm tails and 
Tetrahymena cilia also migrate in the 295,000-300,000-mol- 
wt region (data not shown). The estimated specific activity of 
the nontubulin peptides of the affinity-purified ATPase prep- 
aration of 0.850 #mol Pi/min per protein was similar to the 
values obtained for dynein-like ATPase prepared by Hisanaga 
and Sakai from a different species (21, 22).  We will refer to 
our  microtubule  affinity/ATP-released ATPase  fraction  as 
cytoplasmic dynein-like ATPase. 
By its design, our purification procedure provided us with 
a protein that was dynein-like, having the appropriate ATPase 
activity, size,  and ATP-sensitive microtubule binding char- 
acteristics.  Using this microtubule affinity-purified ATPase, 
we wanted  to assess its capacity to cross-link microtubules 
and to relate its cross-linking properties to its ATPase activity. 
To this end we employed dark-field optics, which allowed us 
to  observe a  very large  population  of microtubules  under 
various conditions while retaining the ability to resolve indi- 
vidual microtubules. 
When the ATPase was added to MAP-free taxol-polymer- 
ized brain microtubules, virtually all of the microtubules were 
gathered into bundles (Fig. 3). This suggested that the ATPase 
did in fact have the capacity to cross-link microtubules. To 
relate this cross-linking capacity to the ATPase activity, we 
added ATP, ATP + vanadate, ATP.,/S, or AMP-PNP to these 
bundled microtubules. Addition of ATP or ATP plus vana- 
date caused complete dispersal of the bundles to individual 
microtubules, indicating detachment of the cross-linking ele- 
ment  (Fig.  4,  B  and  E).  This  was  consistent  with  results 
obtained with axonemal dynein in intact axonemes, decorated 
outer doublets and brain  microtubule,  and trypsin-digested 
axonemes, where ATP addition results in the detachment of 
rigor bound dynein arms from microtubules and this detach- 
ment  is  not  prevented  by vanadate  (41,  43,  49).  If,  after 
dispersing the bundles with ATP, we allowed sufficient time 
for the ATPase to hydrolyze the nucleotide, the microtubules 
formed bundles again (Fig.  4C).  However, in  samples dis- 
persed by ATP plus sufficient  vanadate to inhibit  ATPase 
activity, microtubules failed to form bundles again (Fig. 4F). 
This  too  is  consistent  with  results  obtained  for axonemal 
dynein decoration of doublet and brain microtubules (43, 49) 
where rebinding after ATP-induced release was blocked by 
vanadate. In the axonemal system, ATP-induced release and 
the  coupling  of hydrolysis  and  product  release  to  dynein 
reattachment are presumed to be part of the mechanochemi- 
cal cross-bridge cycle; we do not know what role they may 
play for cytoplasmic dynein-like ATPase. 
When  we  added  the  nonhydrolyzable  ATP  analogues 
ATP-rS or AMP-PNP to bundled microtubules, we observed 
little  if any release of bundling.  This suggested that  either 
these  analogues  bind  to  the  ATPase  very  poorly  or  that 
hydrolysis is necessary for release. It should be noted that our 
ATP-vanadate result does not rule out the latter possibility, 
since vanadate apparently does not inhibit initial hydrolysis, 
but rather binds to an enzyme product complex, preventing 
product release (13,  15, 23, 41, 46, 47).  In fact, Penningroth 
et  al.  (35)  have  obtained  evidence that  ATP  hydrolysis is 
necessary for relaxation of rigor axonemes. 
Recent  evidence  suggests  that  the  binding  of MAP2  to 
microtubules is inhibited by phosphorylation (5).  Our result 
with ATP-rS makes it unlikely that phosphorylation is respon- 
sible for the release seen here. Although ATP'rS is not hydro- 
lyzed by ATPases it serves as a  good substrate for kinases, 
producing irreversible thiophosphorylation (16). 
To further compare cytoplasmic dynein-like ATPase with 
axonemal dynein, we prepared samples from the dark-field 
assay for negative stain electron microscopy. In samples of 
microtubules bundled by the ATPase, we observed extensive 
close association of microtubules (Fig.  5).  However, we ob- 
served no stretches of obvious periodic bridges, and there may 
have been  two  reasons  for this.  First,  because of material 
limitations, the ratio of ATPase to tubulin was only around 
one-third of that used to saturate microtubules with axonemal 
dynein  decoration  (18,  19,  43).  This  may have  precluded 
seeing periodic decoration.  A  second possibility is that  sea 
urchin cytoplasmic ATPase is difficult to preserve for electron 
microscopy. This would  be consistent with  our experience 
with sea urchin flagellar dynein, which gave poor decoration 
even when  ATPase assays indicated  that  the  microtubules 
were saturated with dynein (unpublished data). By scaling up 
our purification procedure and trying different methods of 
sample preparation, we hope to overcome these difficulties. 
To conclude, we return to the two questions posed at the 
beginning of this discussion. First, concerning whether there 
is an ATPase in the cytoplasm that resembles dynein, we have 
shown that there is an ATPase in sea urchin eggs that shares 
a  number of characteristics with axonemal dynein.  Its size, 
complex polypeptide composition, cationic requirements, and 
sensitivity to inhibitors are strikingly similar to the axonemal 
ATPase. As for the question of its microtubule interactions, 
we have shown that the cytoplasmic ATPase binds to micro- 
tubules in a Mg-dependent, ATP-sensitive manner. Further- 
more, as judged by the dark-field assay, it mediates an inter- 
action between microtubules that is related to ATP binding 
and  hydrolysis  in  precisely the  manner  demonstrated  for 
axonemal dynein. 
We suggest that cytoplasmic dynein-like ATPase is a good 
candidate  for the  force-generating element in  microtubule- 
based intracellular movements. It not only possesses the nec- 
essary  microtubule-binding  characteristics,  but  also  shows 
inhibition  by EHNA  and  vanadate which  closely matches 
their inhibition of anaphase B in permeabilized cell models 
(6,  7),  of pronucleus migration in fertilized sea urchin  eggs 
(44), and of particle movements in axons (11), erythrophores 
(1), and permeabilized fibroblasts (10) and melanophores (8). 
To relate the observed properties of cytoplasmic dynein-like 
ATPase to its potential function  in vivo, we would like to 
know if it can generate force between microtubules. To this 
end, we are using dark-field microscopy to observe whether 
microtubules slide over each other during the formation and 
ATP-induced release of microtubules bundled by the ATPase. 
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